In this paper, a device type is presented in which the conventional geometry for the flexoelectro-optic effect is rotated, utilizing planar-aligned short-pitch chiral nematic and in-plane electric fields. The cell is optically neutral at zero applied field due to having its helix axis lie in the direction of light propagation, and at optical communication wavelengths ͑1550 nm͒ polarization rotation is insignificant due to the helical pitch of the material being shorter than the illuminating wavelength. An electric field, applied in the plane of the cell, has been found to induce a birefringence via a combination of dielectric helix unwinding and flexoelectric deformation of the director helix. The magnitude of the birefringence and direction of the induced optic axis in the plane of the cell are dependent on the amplitude and direction of the applied electric field, providing potential for use in a fast endlessly rotatable polarization controller. Herein, the chiral nematic materials utilized in the cell are bimesogenic liquid crystals designed to optimize the contribution from the flexoelectro-optic effect, and eliminate dielectric helix unwinding. The materials are also polymer network stabilized to preserve the texture against degradation in the applied fields. The results presented show a progression from a combined dielectric and flexoelectrically induced birefringence of 0.016 at field strengths up to 6.8 V / m, to a purely flexoelectric-induced birefringence of 0.0135, sufficient for a quarter wave plate in a 29-m-thick cell. Response times are of the order of hundreds of microseconds for both reaction to an applied field and relaxation upon removal.
I. INTRODUCTION
Nematic liquid crystals have been utilized in endlessly rotatable polarization controllers for telecommunications applications. 1, 2 In so-called cartwheel cell devices, the optic axis is rotated in the plane of the device as fields are applied alternately in a cycle across the electrodes. 3, 4 These devices benefit from the inherent advantages of nematic liquid crystals such as high birefringence, high optical transparency, low power consumption, and nonmechanical operation, but are limited by the relatively slow switching speed of the nematic Freedericksz transition utilized. We will demonstrate that the flexoelectro-optic effect in chiral nematic liquid crystals provides a much faster mechanism for the desired linear electro-optic response that maintains the above benefits.
The conventional geometry for a flexoelectro-optic device has the helical director axis of the short-pitch chiral nematic, and therefore optic axis, in the plane of the cell, i.e., the uniform lying helix ͑ULH͒ texture, 5, 6 and the field is applied between the cell walls via indium tin oxide ͑ITO͒ electrodes on the glass substrates. The spontaneous electric dipole of the molecules couples to the electric field, which, combined with their shape anisotropy, causes a reorientation of the nematic director to form a periodic splay/bend deformation. In the chiral nematic phase, this can be achieved by a deformation of the helical director configuration which results in a rotation of the optic axis in the plane of the cell. 5 The flexoelectric contribution to the free energy of the material is given by − f flexo = e s ͓E · nٌ͑ · n͔͒ + e b ͑E · n ϫ ٌ ϫ n͒, ͑1͒
where E and n are the electric-field vector and director unit vector, respectively, and e s and e b are the splay and bend flexoelectric coefficients. The degree of optic axis rotation, for small angles, induced by this contribution to the free energy is given by
where is the optic axis tilt angle, ē is the average of the flexoelectric coefficients, K is the average of the splay and bend elastic constants for the material, and P is the helical pitch of the material. Since ē and K have a similar dependence on temperature, and P can be chosen to be independent of temperature, tan has been shown to be virtually temperature independent. 7, 8 The characteristic response time for such a rotation is given by
where ␥ is the effective viscosity associated with the rotation. From these equations then, it can be seen that while short-pitch lengths are desirable for a fast response time, being dependent on P 2 , this would be detrimental to the field-induced optic axis tilt angle. The response time, however, is independent of the applied field and it is necessary to a͒ This arrangement is altered here, such that the helical axis of the material is vertical in the cell, allowing the chiral nematic to be aligned in the more stable Grandjean or planar texture. The electric field is then applied in the plane of the cell between bulk metal electrodes, keeping the field still orthogonal to the helical axis as in the conventional device. The nature of the coupling of the director to the applied field and the optic axis rotation therefore remains true to the equations above, but the differing angle of illumination of the cell results in the switch manifesting itself in a different manner.
Linearly polarized light propagating along the helical axis of a chiral nematic undergoes optical rotation according to the following equation:
where is the angular rotation of the polarization state of the incident light with wavelength , d is the cell thickness, and n ʈ and n Ќ are the refractive indices for the material parallel and perpendicular to the nematic director, respectively. For the telecommunication band wavelength used here ͑1550 nm͒ and the typical pitch lengths in the materials investigated ͑500-700 nm͒, rotation effects are reduced to insignificance, and at zero field the cell is optically neutral. Upon application of an electric field, the deformation occurs as described above, but rather than resulting in the in-plane rotation of the optic axis of a fixed birefringence cell, the optic axis is deflected from lying along the direction of propagation, to having some component in the polarization plane of the light. The cell therefore develops a birefringence from zero, the magnitude and direction of birefringence being dependent on the strength and direction of the applied field.
A complication of this cell geometry is that the dielectric coupling to the applied field, which has the effect of partially unwinding the helical director formation, now also produces a birefringence in the cell. The dielectric coupling of the nematic director to the applied field is given by the contribution to the free energy,
͑5͒
where K 11 , K 22 , and K 33 are the splay, twist, and bend elastic constants for the material, respectively, and ⌬ = ʈ − Ќ is the dielectric anisotropy. Comparison of Eqs. ͑5͒ and ͑1͒ shows that the director couples flexoelectrically to the absolute field value, and dielectrically to the square of the applied field. Dielectric effects therefore become dominant at higher fields, for all but the lowest ⌬ materials. In the ULH configuration, helix unwinding affects the effective birefringence of the cell, but has no effect on the orientation of the optic axis until the helix fully unwinds at the critical-field strength. This allows measurements of the induced tilt angle to large angles and high field strengths without complication due to dielectric effects. 9 In the Grandjean texture, however, helix unwinding results in a birefringence with the optic axis identical to that resulting from the flexoelectro-optic deformation, as illustrated in Fig. 1 . The relative contributions from these combining effects then have to be distinguished via their coupling mechanism. We have shown that this can be achieved as follows. 10 If a square wave ac wave form is applied to the cell and the birefringence is monitored, the dielectric contribution, being dependent on the quadratic of the applied field, is constant, whereas the flexoelectric deformation, being dependent on the absolute field value, will reverse with the changing field polarity. In fact, as the birefringence resulting from the flexoelectro-optic deformation is identical for both positive and negative tilt angles, the only indicator of the flexoelectro-optic contribution is a brief drop in birefringence when the field changes polarity, as the optic axis tilt angle passes through the vertical neutral point on its way from + to −. As the dielectric deformation remains during this transition, any residual birefringence at the transition points can be attributed to helix unwinding, and subtracted from the optical response to leave the contribution from the flexoelectro-optic effect.
It was found that at the high strength fields necessary for large tilt angles and therefore adequate phase changes for a practical device, rapid disruption of the Grandjean texture in the cell occurred, due to flow effects caused by dielectrophoresis. In order to prevent this, the chiral nematic mixtures were doped with a small amount of a reactive mesogenic monomer to stabilize the Grandjean texture. It has been shown that such stabilization has a minimal impact on the flexoelectro-optic characteristics of the material, 11 and it was found to supply the required ruggedness of texture.
In this study, bimesogenic liquid crystals are utilized to optimize the flexoelectric contribution to the electrically induced birefringence. These materials, the structures of which are shown in Fig. 2 , have been specifically designed to show enhanced flexoelectro-optic switching. 12, 13 This is achieved by maximizing the flexoelectric coefficients, increasing the FIG. 1. Schematic illustration of the deformation of the chiral nematic helical director structure ͑a͒ due to flexoelectro-optic ͑b͒ and dielectric ͑c͒ coupling to an electric field applied orthogonal to the helical axis. The effect of the deformation is viewed along ͑upper figure͒ and perpendicular ͑lower figure͒ to the helical axis to illustrate the source of the resulting birefringence. Note in the flexoelectric example the differing electric-field direction for the two views, necessary for illustrative purposes.
optic axis tilt angle and therefore magnitude of the effect, and also by minimizing the dielectric anisotropy, thereby reducing the degree of helix unwinding occurring in the switch. In this manner very large tilt angles have been reported in the conventional ULH device, 8, 9 and it is this enhanced switching which allows a significant effect to be observed in the Grandjean-type device, at wavelengths in the near infrared, i.e., = 1550 nm.
II. SAMPLE PREPARATION
The following five bimesogenic materials were used to create the three separate chiral nematic mixtures:
␣-͑2Ј, 4-difluorobiphenyl-4Ј-yloxy͒--͑2Ј , 4-difluorobiphenyl-4Ј-yloxy͒undecane ͑FFO11OFF͒; ␣-͑2Ј, 4-difluorobiphenyl-4Ј-ester͒--͑ 2Ј , 4 -difluorobiphenyl-4Ј-ester͒nonane ͑FFE9EFF͒; and ␣-͑2Ј, 4-difluorobiphenyl-4Ј -ester͒--͑2Ј , 4 -difluorobiphenyl -4Ј -ester͒undecane ͑FFE11EFF͒. These will subsequently be referred to by their acronyms, shown in parenthesis after each full name and adjacent to each structure in Fig. 2 .
The three mixtures examined were as follows:
͑1͒ FFO11OCB+ 3.48% BDH1281 high twisting power chiral dopant ͑Merck NB-C͒ +5.84% reactive mesogenic monomer RM257 ͑Merck NB-C͒, ͑2͒ ͓FFO9OFF+ FFO11OFF͔͑50/ 50͒ + 2 % BDH1281 + 3 % RM257, and ͑3͒ ͓FFE9EFF+ FFE11EFF+ FFO9OFF+ FFO11OFF͔ ϫ͑25/ 25/ 25/ 25͒ + 1.78% BDH1281+ 4.36% RM257.
All percentages above are weight by weight. The test cells were manufactured by Pi Photonics Ltd. for development of a homeotropically aligned nematic rotating wave plate. With this purpose, they were designed with four electrodes converging on a 50-m-diameter active area, such that by varying the voltage on all four electrodes, the field in the center of the active region could be applied in any direction in the plane of the cell, and the optic axis rotated to the desired azimuth.
For these initial experiments, to demonstrate the use of the flexoelectro-optic effect in the Grandjean texture, this freedom is not required, and the field is applied solely between the two central electrodes, and the probe beam is directed in the narrow ͑50 m͒ portion of the channel between these. This allows us to use uniform fields to demonstrate the switching mechanism unambiguously. The electrodes are deposited with gold that is 10-m thick, and also act as spacers onto which the lid of the cell is glued and define its thickness. A schematic of the cell geometry is shown in Fig. 3 .
Both the cell and the lid, which consists of a 100-m-thick cover slip cleaved to fit the cell, were coated with an alignment layer to promote planar alignment of the liquid crystal at the cell surfaces. As the bulk electrodes prevent mechanical rubbing of a layer, a linearly photopolymerizeable photopolymer ͑LPP͒ ͑Rolic, Inc.͒ was spin coated onto the cell and lid, and the alignment direction induced by directional cross linking with polarized UV light. This provided an alignment layer of sufficient quality without the need for physical contact with the cell surfaces. Once aligned, the lid was fixed to the cell by allowing UV curing glue to wet between the top surfaces of the bulk electrodes and lid via capillary action before curing. The cell gap was then measured using a Fabry-Perot interference technique. The cell could then be filled with a chiral nematic mixture, the desired Grandjean texture obtained and stabilized by UV exposure to cross link the reactive mesogen.
III. EXPERIMENT
The filled and sealed cells were placed into a probe station which uses four copper electrodes to clamp the cell into position over an aperture and provide electrical contact to the cell. The station also possessed heating elements and a thermistor to provide stable temperature control for the cell. This was used to find the isotropic to chiral nematic transition point ͑T c ͒ for mixtures in the cell, so that subsequent measurements could be carried out at temperatures relative to this. Once held at the desired temperature, the cell was placed between crossed polarizers and illuminated with light from a fiber-launched 1550-nm distributed feedback ͑DFB͒ laser. The position of the beam within the cell was monitored 
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Broughton et al. J. Appl. Phys. 98, 034109 ͑2005͒ using a beam splitter after the cell to direct a portion of the light into an infrared camera. Once the beam and cell were correctly aligned, the beam splitter was removed and the light traversing the cell and polarizers entered a power meter, the output from which was monitored on a digital oscilloscope. In this way, the light throughput due to induced birefringence in the cell could then be viewed alongside the applied electric field from an amplified wave form generator.
In order to obtain a measure of the field-induced birefringence in the cell, the polarizers were first uncrossed and the zero-field transmission through the system measured. This gives an incident intensity ͑I 0 ͒, which the fielddependent transmission after the polarizers have been crossed to extinction ͑I͒, can be measured against. The fieldinduced birefringence is then given by the fraction of incident intensity transmitted, according to Eq. ͑6͒,
where is the angle between the direction of polarization of the incident light and the E-field-induced optic axis of the cell ͑set to 45°to E for all measurements here͒, ⌬n is the induced birefringence, d is the cell thickness, and = 1550 nm. The cell was subjected to continuous ac fields at frequencies between 250 Hz and 10 KHz in order to measure the relative contributions from flexoelectric and dielectric couplings, and also isolated 2-ms bipolar pulses in order to measure the response times of the effect on application and removal of an electric field. As well as measurement of the electro-optic response in the Grandjean-textured in-plane field cells, the same materials were placed into standard 5-m-thick, planar-aligned, ITO electrode test cells and polymer stabilized in the ULH texture for measurements of the flexoelectro-optic tilt angles and response times. This was to provide an idea of the degree of correlation between the magnitudes of the response in the two configurations.
IV. RESULTS AND DISCUSSION
The electric-field-induced birefringences for the three mixtures, at 10°C below the I → N * transition point, at high and low frequencies and at high and low field amplitudes, are shown in Fig. 4-6 . All the graphs show that as the field amplitude is increased, the induced birefringence is increased.
All mixtures also exhibit a frequency-dependent fieldfollowing response: At low frequencies, the optic axis is free to tilt to its flexoelectrically induced value, where it remains until the field reverses polarity, at which point it switches across to the same value in the opposite direction. This manifests itself in the optical response as the field-following component of the observed birefringence, which drops at the zero-field crossover points.
The degree to which the response drops at these transitions is dependent on the extent to which dielectric helix unwinding produces a "base line" birefringence which is constant over the field transition points, as discussed earlier. This base line reveals itself in the high-frequency ͑Ͼ2 kHz͒ traces, in which the flexoelectro-optic movement of the optic axis is too slow to follow the field oscillations. In this situation, the optic axis oscillates only slightly about the helix axis, and the observed birefringence is roughly constant over the ac wave form. It is believed that the reason the low-frequency response does not drop all the way to the high-frequency base line at the zero-field crossover points is due to the amplifier used being unable to exactly replicate the square-wave form at high frequencies, resulting in a drop in the effective rms field value. This belief is supported by the fact that the square wave can be seen to distort on the 
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oscilloscope and, in the response from the third mixture, the characteristic dips in the low-frequency response go all the way to zero birefringence. This also confirms that in this very low ⌬ material ͑⌬ Ϸ 0.9͒, dielectric coupling is insignificant and helix unwinding effects are eliminated.
In fact the three mixtures investigated show a good progression in terms of reduction of the dielectric base line birefringence and increase in the flexoelectro-optic modulation at low frequencies, culminating in the entirely flexoelectro-optic response of the ͓FFE9EFF+ FFE11EFF + FFO9OFF+ FFO11OFF͔͑25/ 25/ 25/ 25͒ + 1.78% BDH1281 + 4.36% RM257 mixture. The maximum flexoelectro-opticonly-based birefringence, observed in this cell, of 0.0135, is sufficient to provide half wave plate modulation in a 29-m-thick cell. Although this is large by conventional liquid-crystal cell thickness standards, the bulk electrodes filling the cell and providing an in-plane field mean that increasing the optical path length does not necessitate an increase in electrode separation, so the usual problem of increased cell gap resulting in greatly increased response times in glass ITO-coated planar cells does not apply. It is also believed there is considerable potential for fabrication of mixtures with increased birefringence in the infrared, using isothiocyanato-based additives, 14 allowing thinner cells to achieve the desired phase excursion. As the maximum applied field in the in-plane field cell was 6.8 V / m, due to amplifier limits ͑i.e., 340 V at 10 kHz͒ and the 50-m electrode aperture, the flexoelectro-optic tilt angles were not the maximum that could be achieved with these bimesogens, so this is another potential avenue for increased ⌬n.
The flexoelectro-optic tilt angles for each material were measured at 6.8 V / m in the ULH-textured cells. If the field-following ͑flexoelectro-optic͒ component of the induced birefringence, which is simply the amplitude of the modulation in the "a" trace for each of Fig. 4-6 , is plotted against the flexoelectro-optic tilt angle in the ULH ͑Fig. 7͒, a good correlation is found, supporting the conclusion that the same flexoelectro-optic deformation is responsible for this portion of the effect. The trend shown in this figure can be seen to tend to zero birefringence for tilt angles of approximately 8°or less. This can be thought of as a "threshold" tilt angle for an observable effect. The ellipsoid nature of the refractive indicatrix of the medium means that a minimum rotation of the director has to occur before the index in the direction of light polarization is significantly changed. This dependence of the effective refractive index on the induced tilt angle is shown in Fig. 8 .
Also, if the response times for the 4-V / m switch in each cell configuration are compared, for the same temperature and field strength, a good correlation is again observed, as shown in Table I . It can be noted from the table that all the response times measured are submillisecond at T c −10°C, significantly faster than the typical response of director reorientation in a typical nematic device, usually of the order of 10 ms. This shows promise for the intended outcome of a faster operating active wave plate as the final application. It is also worth noting that the presence of a significant degree of dielectric coupling in the switch, as in mixture ͑1͒, did not adversely affect the response time, as can be seen in Table I .
V. CONCLUSION
In conclusion, a series of bimesogenic, short-pitch, chiral nematic mixtures was made and tested for flexoelectro-optic effects at telecommunications wavelengths, i.e., 1550 nm. The materials were aligned in the Grandjean texture in cells designed to allow the application of in-plane electric fields. The observed response was found to be a combination of flexoelectro-optic and dielectric coupling effects. The relative contributions from these effects could be discerned by FIG. 7 . The field-following ͑flexoelectrically induced͒ portion of the induced birefringece in the Grandjean-textured cell, as a function of the flexoelectro-optic tilt angle measured in the uniform lying helix ͑ULH͒ texture, for the three mixtures at 6.8 V / m. their differing dependence on the frequency of the applied field. The mixtures used, being designed to have very large flexoelectro-optic properties in the conventional uniform lying helix texture, allowed promotion of this effect over the dielectric contribution. The maximum field-induced birefringence attributable solely to flexoelectric coupling was 0.0135, and all mixtures showed response times below 1 ms. Both these measures show good potential for the mechanism to provide a faster active wave plate device.
